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Introduction 

Telomeres are repetitive sequences that protect the ends of linear chromosomes. 
Telomeres shorten with each cell division, eventually reaching a critically short length that 
causes the cell to permanently cease dividing after reaching number of divisions known as the 
Hayflick limit. It has been shown in our lab and others that this telomere initiated growth arrest 
(termed Ml) is mediated through the tumor suppressors p53 and pRb. Inhibiting these proteins 
with SV40 T antigen or HPV E6/E7 leads to further division until a second limit (M2) is reached. 
This proliferation in the presence of short telomeres is associated with end to end chromosome 
fiisions and genomic instability [1,2]. This genomic instability occasionally results in the 
production of a rare clone that can continue to divide due to the activation of telomerase, an 
enzyme capable of adding new DNA to the telomeres. This situation may parallel the formation 
of cancerous cells in vivo, which in many cases show evidence of genomic rearrangements near 
telomeres and sometimes centromeres, losses of entire chromosomes, and activation of 
telomerase [1-4]. Dicentric chromosomes have been shown to have little or no telomeric DNA 
present at the junction in humans [5] and mice [1]. Note that telomere shortening is correlated 
with aging, and aging is one of the most important risk factors for sporadic breast cancer. 
Evidence for telomere length as an important regulator of the intracellular environment beyond 
its role as a "mitotic clock" originally came from Drosophila [6] and has been further 
characterized in yeast [7]. In Saccharomyces cerevisiae, it has been shown that a transgene 
integrated near a telomere will be transcriptionally silenced by an active mechanism involving 
SIR proteins that depends both on the length of the telomere and on the distance to the transgene 
[8]. More recently, an endogenous gene has been characterized that exhibits this silencing, or 
telomere position effect (TPE), in yeast [9]. Our work during the first year of this grant extended 
these observations fi-om yeast to human cancer cells. In the second year, we have further 
characterized human TPE, resulting in a second publication, and we have made significant 
progress in our efforts to understand the molecular changes that occur in telomeric and 
subtelomeric regions during breast cancer progression. 
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Body 

"Task 1" from my statement of work (months 1-12) was to establish the existence of 
telomere position effect (TPE) in human cancer cells through studies on the behavior of a 
luciferase reporter gene inserted either at a telomere or at an internal (control) site. As outlined 
in my previous report, this task was completed ahead of schedule and significantly extended in 
scope. During the second year, the involvement of hRapl in human telomere position effect was 
confirmed through overexpression studies (Appendix Al). Using a fluorescent reporter 
integrated into human subtelomeres, I have shown that expression switches on and off, in 
contrast to a previous report and in good agreement with the yeast [7] and Drosophila [6] model 
systems (Appendix A2). I have also demonstrated using these cells that silencing can be relieved 
by treatment with 5-bromodeoxyuridine (Appendix A2). 

"Task 2" from my statement of work (months 12-30) was to investigate the effect of 
transient telomerase expression on the frequency of immortalization of human mammary 
epithelial cells. We had originally planned to use a retroviral vector, followed by excision with 
Cre recombinase and selection of clones to achieve transient expression. However, an 
adenoviral vector has since become available that makes it possible to transiently express 
telomerase in a population of cells without additional complications since this virus does not 
integrate into the genome and consequently does not need to be excised. The efficacy of 
adenoviral infection of these cells was shown using a green fluorescent protein (GFP) vector 
(Appendix A3). Telomerase expression after adenoviral infection was assessed using the 
telomerase repeat amplification protocol (TRAP) assay and shown to be comparable to the level 
exhibited by the human tumor cell line HI299 (Appendix A4). Unfortunately, the population of 
human mammary epithelial cells that had been infected with hTERT (the telomerase catalytic 
subunit) underwent a gradual morphology change and eventually growth arrested during 
subsequent passaging. This type of effect has been observed previously when using high doses 
of adenoviral vectors and was not observed in cells infected with a control virus, leading us to 
suspect that an error was made by the supplier in calculating viral titer. We have now received a 
fresh supply of hTERT adenovirus and repeated the infection of human mammary epithelial 
cells. At present, the cells appear to be doing well and we are optimistic that it will be possible 
to passage these cells until senescence. This task should be completed on, or nearly on schedule 
despite a major setback. 

"Task 3" from my statement of work (months 18-36) was to investigate the features of 
malignant and pre-malignant breast cancer cells by fluorescence in situ hybridization. A 
quantitative protocol has been developed for in situ hybridization to telomere repeats (Appendix 
A5). Work on characterizing sub-telomeric genes known to be involved in breast cancer, 
including hTERT (Appendix A6) has begun. The breast cancer-related regulator of TP53 
(BCRP) is mentioned in the original description of this task. It has not been possible to pursue 
this gene because it has not, as anticipated, been positively identified. Although its behavior has 
been well-documented and it is known to reside in chromosome band 17pl3.3 [10], a large 
number of open reading frames remain candidates for this gene at present. In addition to the in 
situ studies, we are also in the process of examining the state (presence, absence, or 
amplification) of subtelomeric genes using a 70-mer array. By this method, we will be able to 
generate data on a much larger sample of subtelomeric genes than originally anticipated. This 
task is proceeding on schedule. 
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Key Research Accomplishments 

Extension of Statement Task 1: 
■ Involvement of hRapl in human telomere position effect, previously suggested by RNAi, 

was confirmed by overexpression. 
■ Telomeric clones bearing a telomeric reporter were fiiUy characterized and it was 

demonstrated that expression switches on and off (as opposed to low uniform expression) 
at telomeres. 

■ 5-bromodeoxyuridine was found to relieve silencing of both telomeric and intemal 
clones. 

Original Statment Task 2. Show that elongation of telomeres through transient expression of 
telomerase leads to a reduction in the frequency of immortalization of human mammary 
epithelial cells (months 12-30): 

■ Adenoviral vectors were obtained and shown, using a GFP control vector, to efficiently 
infect human mammary epithelial cells (HMEs). 

■ Infection of HMEs with adenoviral hTERT was shown to effectively reconstitute 
telomerase activity. 

■ After one unsuccessful experiment, HMEs have now been infected with either hTERT or 
a control vector and are being passaged in order to determine immortalization frequency. 

Original Statment Task 3. Investigate the features of malignant and pre-malignant breast cancer 
cells by fluorescence in situ hybridization (months 18-30): 

■ A quantitative protocol has been developed for in situ hybridization to telomere repeats. 
■ A protocol for analysis of the hTERT gene by in situ hybridization has been developed 

and used on immortal and pre-immortal human mammary epithelial cells. 
■ A 70-mer array is in development for the comprehensive analysis of subtelomeric gene 

status. 

Reportable Outcomes 
Publications 

Baur, J.A., Shay, J.W., and W.E. Wright. Spontaneous reactivation of a silent telomeric 
transgene. In submission. 

Abstracts 
Baur, J.A., Zou, Y., Li, B., de Lange, T., Shay, J.W., Wright, W.E. Characterization of 

telomere position effect in human cells. Presented at the Molecular Genetics of Aging meeting, 
Cold Spring Harbor, October, 2002. 

Baur, J.A., Zou, Y., Li, B., de Lange, T., Shay, J.W., Wright, W.E. Characterization of 
telomere position effect in human cells. Presented at the UT Southwestern GSO Poster Session. 
November, 2002. 

Baur, J.A., Zou, Y., Li, B., de Lange, T., Shay, J.W., Wright, W.E. Characterization of 
telomere position effect in human cells. Presented at The Role of Telomeres and Telomerase in 
Cancer, San Francisco, December, 2002. 
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Reagents Under Developement 
A 70-mer array containing most of the sub-telomeric genes in the human genome is being 

developed. This array includes many genes obtained through a collaboration that are not currently 
in the public genome assembly. This array should prove a valuable tool in the field for assessing the 
role of subtelomeric rearrangements and misregulation in breast cancer. 

Conclusions 

My work during this second year, including experiments outlined for all three original 
tasks, has resulted in the submission of a second manuscript on human telomere position effect 
and the development of several new techniques. In addition, I was able to present the work at 
several meetings and we are in the process of creating a 70-mer array that will greatly accelerate 
the analysis of sub-telomeric gene expression. The regulation of subtelomeric genes by telomere 
length could have extremely important implications for breast cancer. Altered expression of 
subtelomeric genes could indicate the presence of cells with extremely short telomeres that could 
be expected to be at an increased risk of genomic rearrangements. Increased expression of 
subtelomeric genes may also have a more active role in the progression of breast cancer. The in 
situ hybridization techniques being developed will allow detailed characterization of telomere 
lengths and specific gene rearrangements that will complement the expression data to create a 
detailed picture of the behavior of telomeres in breast cancer 
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Appendix Al. Transient overexpression of hRapl or deletion mutants relieves silencing of a 
telomeric luciferase reporter. Cells were either mock-treated or transfected with an 
overexpression construct containing hRapl or a deletion mutant lacking the BRCT domain, the 
Myb domain, or both (-BM). Cells were collected 48h after transfection. Although the effect is 
not completely specific, there is a preferential relief of silencing in the telomeric clone. The 
double deletion (-BM) initially appeared to be incapable of inducing this loss of silencing but 
was later found to be only marginally expressed. 
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ABSTRACT 

Subtelomeric reporter genes in human cells are silenced in a telomere length- 
dependent manner. Here we show that a subtelomeric reporter gene is expressed in 
only a sub-population of cells within a clone and that this heterogeneity is generated 
by switching between expression states. We observed frequent reversion from the 
silenced state back to active expression. Although this process was more prominent 
for subtelomeric transgenes, we also observed cases of spontaneous reversion in 
control clones bearing the reporter at an internal site. We additionally show that 
treatment of these cells with 5-bromodeoxyuridine (BrdU) results in a strong 
activation of the transgene. To our knowledge, this is the first direct observation 
that variegation in clonal populations of human cells can be generated through 
ongoing fluctuations in transcription, as opposed to progressive silencing or fixing of 
expression states at some point after the first few divisions. These data demonstrate 
the spontaneous activation of genes near human telomeres and imply that telomere 
shortening during human aging could lead to stochastic activation of subtelomeric 
genes. 

INTRODUCTION 

Silencing near telomeres, tenned telomere position effect (TPE), was first observed in 
Drosophila (1) and has since been studied extensively in Saccharomyces cerevisiae and 
other lower organisms (2,3). It is characterized by the semi-stable repression of 
subtelomeric reporter genes in a manner that is proportional to both the length of the 
telomere tract (4) and the proximity of the reporter to the telomere (5). TPE was recently 
reported to affect an endogenous S. cerevisiae gene of unknown function (6). Although 
the involvement of telomeric silencing has been suggested in the regulation of surface 
antigen expression for several parasites (3), no biologically relevant role for TPE has yet 
been proven. 

One of the hallmarks of telomere position effect in yeast is the spontaneous 
switching of a telomeric gene from an active to a silent state and vice versa. Our initial 
studies using a luciferase reporter to demonstrate silencing near human telomeres (human 
telomere position effect, or hTPE) did not allow analysis at the single-cell level. We and 
others (7) have now confirmed the existence of human TPE (hTPE) using fluorescent 
reporter genes in order to detect single cells. While the fraction of expressing cells varies 
widely in intemal control clones, cell lines bearing a telomeric reporter consistently show 
expression in only a few percent of the cells. Such a pattern could conceivably be 
generated by several mechanisms, including slow progressive silencing, fixing of 
expression states at some point after the first few divisions (for example the chromatin 
structure at the integration site might take time to stabilize), or stochastic switching 
between expression states. While progressive silencing has been observed for transgenes 
in mammalian cells (8) and likely contributes here, available data on transgene 
expression at yeast telomeres (2) and at other variegating loci within mammalian cells 
(9,10) favors the third hypothesis. Switching between expression states was not detected, 
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however, in the only published report examining TPE in human cells at the single cell 
level (7), raising the possibility that variegation in these cells is generated through one of 
the other two mechanisms. Here we show that in HeLa cells, spontaneous reactivation of 
the transgene can be detected in initially negative subclones, demonstrating that 
heterogeneity is in fact generated through an ongoing stochastic process of switching 
between expression states. 

RESULTS 

In order to detect switching in human cells, we used a linearized plasmid containing 
telomere repeats (11) to construct a series of clones bearing the fluorescent reporter 
DsRed2 either next to a newly formed telomere, or randomly integrated into the genome 
(Fig. 1). While the number of cells expressing the reporter varied from 0 to nearly 100% 
in our internal controls (random integration), all of the telomeric clones recovered in our 
initial experiment expressed the dsRed2 protein in only a few percent of the cells, 
consistent with the findings of Koering et al (7). The fact that expression near human 
telomeres can be increased by the histone deacetylase inhibitor trichostatin A (7,12), but 
not by the demethylating agent 5-azacytidine (7), suggests that a methylation- 
independent process causes the majority of the silencing in these cells. 

As demonstrated previously using a luciferase reporter (12), elongation of the 
telomeres in these cells leads to increased silencing specifically in telomeric clones (Fig. 
2). The maximal level of expression within each clone remains unchanged while the 
proportion of expressing cells is reduced, indicating that the reduction in reporter 
expression observed across the population primarily represents a decrease in the fraction 
of positive cells, consistent with previous reports in human cells (8,13). After telomere 
elongation, reporter expression in the internal control clones appears to increase slightly, 
however this result was not observed in a comparable experiment in which luciferase was 
the reporter (12). The difference in expression between this telomeric and this internal 
clone can thus be explained by the combination of different fractions of expressing cells, 
different levels of expression per cell, and the fact that the telomeric clone is affected by 
telomere length. 

In order to detect spontaneous reactivation of the transgene, we subcloned the 
progeny of a single cell, following the entire process by fluorescence microscopy. Each 
subclone was first observed at the 1 to 4-celI stage and was grown for approximately 20 
population doublings. In 18 of 19 subclones that were initially negative, dsRed2- 
expressing cells were detected within 1 to 2 weeks (Fig. 3A-C), with 11 of the subclones 
becoming similar in appearance to the parent clone by week 3. Switching can go in both 
directions. Subclones that were initially weakly positive gave both strongly positive and 
completely negative cells within 1 to 2 weeks (Fig. 3D). Our data suggest that telomere 
position effect in these cells resembles the variegation observed at yeast telomeres (2) 
and in the cells of transgenic mice (14), where all-or-none patterns of switching 
predominate over gradual changes in gene expression (10,15). The fact that Koering et al 
did not observe fluctuations in expression at human telomeres likely indicates that cell 
type, the site of chromosome truncation, and/or the direction of transcription can 
influence the rate of switching. 
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Silencing near telomeres was previously shown to be reUeved by treatment with 
the histone deacetylase inhibitor trichostatin A (TSA) (7,12), but this process was highly 
toxic to the cells. Here we show that similar results can be obtained with greatly reduced 
toxicity by treatment with 5-bromodeoxyuridine (BrdU). Relief of silencing for a 
telomeric DsRed2 reporter was observed after a 72-hour incubation in medium 
containing 50 ^iM BrdU (Fig. 4A). Silencing was also relieved in low-expressing internal 
controls and in cells bearing a luciferase reporter at the telomere (Fig. 4B). Enhancement 
of internal transgene expression in the presence of BrdU has been reported previously 
(16), however its mechanism of action remains poorly understood. The fact that 
repression of telomeric transgenes can be relieved provides additional evidence that this 
phenomenon is in fact a position effect, rather than the result of mutation within the gene 
or its promoter (e.g. due to the high frequency of genomic rearrangements in 
subtelomeric regions (17)). 

DISCUSSION 

We have shown in human cells that a clonal population derived from a cell bearing a 
telomeric reporter gene can acquire a variegated phenotype through a stochastic process 
of switching between expression states. Taken together with previous studies of transgene 
expression in mammalian cells (8-10,13,18), our data suggests that many repressive loci 
within the human genome may be similar in this respect. The fact that expression at both 
telomeric and internal loci is enhanced by treatment with either TSA or BrdU is also 
suggestive of a common silencing mechanism. At present, telomere position effect is 
distinguished from other repressive effects in human cells only by its dependence on 
telomere length and its relative strength (ten-fold lower expression on average relative to 
internal loci) (12). We observed 100% penetrance of variegation within the first 2 weeks 
of clonal growth in telomeric clones as opposed to -50% in internal controls (our 
unpublished results), although at later time points many of the internal controls that were 
initially imiform in expression did become more heterogeneous. Some suggestive 
evidence has been presented that heterochromatin protein 1 (HPl) may be specifically 
involved in telomeric silencing (7). HPl overexpression was previously shown to 
enhance variegation at centromeric loci while suppressing variegation at non-centromeric 
loci (19). This suggests that variegation may occur by at least two distinct mechanisms in 
mammalian cells despite the similar outward appearances of various mammalian position 
effects. It will be interesting in the future to see whether or not a specific set of proteins 
involved in telomeric silencing emerges. 

A change in the expression of endogenous human genes regulated by telomere 
length remains to be demonstrated. The present results establish that if such a regulation 
occurs, it will likely be manifested primarily by an "all-or-none" change in expression in 
a small fraction of cells rather than a quantitative increase in per cell expression. It has 
been suggested that the high frequency of duplications and rearrangements in 
subtelomeric regions may facilitate "rapid adaptive evolution" (17). This hypothesis is 
supported by the finding that a block of subtelomeric sequence containing three olfactory 
receptor genes is duplicated polymorphically on at least 14 different chromosome ends in 
humans but is single-copy in non-human primates (20). Telomere position effect may 
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contribute to this process through silencing of subtelomeric genes and the production of a 
variegated phenotype, allowing the majority of cells to progress through potentially 
harmful genetic intermediates while continuously sampling the products of rearranged 
genes. A similar role has been proposed for prion proteins in the generation of genetic 
diversity (21). Collapse of the silent domains near human telomeres (i.e. loss of silencing 
due to telomere shortening) might be predicted to trigger inappropriate expression of a 
host of rearranged subtelomeric genes as part of the aging process. It is also possible that 
the telomere shortening accompanying cell division might provide a method for timing 
changes that occur over many years in long-lived organisms. It is difficult to imagine 
how conventional timing mechanisms (biochemical oscillations, lunar cycles of changes, 
changing gradients during early development) could be adapted to count decades.TPE 
regulated changes in gene expression produced by slow but ongoing cell turnover could 
provide such a mechanism. Cleariy further study is required to elucidate the role (if any) 
of TPE in human gene regulation, aging, and disease. 

MATERIALS AND METHODS 

Generation of clones 
The Afl III/Bfr I fragment (containing the DsRedl protein) frompDsRedl-Nl (Clontech, 
Palo Alto, CA) was blunt ligated into the Sma I/Hpa I backbone from pSXneol .6T2AG3 
(11) such that the CMV promoter was placed at the base of the telomere repeats. Next, a 
blunted fragment containing an IRES (internal ribosome entry site) and the blasticidin 
resistance gene was ligated into the Hpa I site in the same orientation as the DsRedl 
protein. When DsRed2 became available, the new coding region was inserted by 
exchanging the DsRed fragment defined by Sal I/Not I (this required a partial digest with 
Not I) and the resulting vector was designated pSXD2. The control vector lacking repeats 
was generated by blunt ligation after excision of the Cla 1/ Sac II fragment. Vectors were 
linearized with Cla I/Pvu I (with repeats) or Pvu I alone (without repeats) and transfected 
into HeLa cells using FuGENE 6 transfection reagent (Roche, Basel, Switzeriand) 
according to the manufacturer's instructions. Stable clones were obtained by ring-cloning 
after selection in 1 \ig/mL blasticidin for 1 week. Individual clones were isolated by 
placing a glass ring over them (sealed with vacuum grease) and transferred to separate 
dishes by standard trypsinization methods. 

Analysis of clones 
Cells were observed primarily on a Zeiss Axiovert lOOM inverted microscope attached to 
a Macintosh 04 computer using Openlab imaging software. Scanning was performed on 
a FACScan (Becton Dickinson, San Jose, CA). 

Subcloning 
Single cells were sorted into each well of a 96 well plate using a MoFlo high-speed cell 
sorter (Cytomation, Fort Collins, CO) and a FACStar Plus (Becton Dickinson, San Jose, 
CA). Sorting into 96-well plates was an automated feature of the cell sorters. 100 |xL 
media was placed in each well prior to sorting and cells were selected based on size 
criteria only (to avoid fragments and doublets). Wells containing cells were identified by 
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microscopy the following day (2-4 cell stage) and cells were observed every 2-3 days 
thereafter for at least three weeks. 

BrdU Treatment 
Cells were treated with 50 |xM BrdU for 2-5 days in regular media. A small decrease in 
growth rate was noted, however toxicity was dramatically reduced as compared to TSA 
treatment. 
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Figure Legends 

Figure 1. Structure of the constructs used in the generation of clones. Both vectors were 
transfected into HeLa cells in linear form using FuGENE 6 transfection reagent (Roche, 
Basel, Switzerland). In the chromosome truncation vector (A), the CMV promoter was 
located approximately 80 nucleotides from the base of the T2AG3 repeats. The 
fluorescent protein DsRed2 was transcribed away from the telomere and an internal 
ribosome entry site (IRES) was used to allow expression of the blasticidin resistance gene 
(Blast) from the same transcript. Transcription was terminated using the SV40 
polyadenylation signal (SV40 Poly A). In the vector used to generate internal (control) 
integrations (B), the T2AG3 repeats were replaced with an additional 1 kb of plasmid 
sequences. 

Figure 2. Elongation of telomeres by hTERT overexpression decreases expression of 
DsRed2 only in telomeric clones. Clones were infected with an empty vector (pBabe) or 
a retrovirus encoding the telomerase catalytic component (hTERT). (A) FACS analysis of 
a cell line bearing a telomeric DsRed2 reporter with short telomeres (red outline) or long 
telomeres (solid blue histogram). (B) Bright field and fluorescent images for the cells 
analyzed in panel A. (C) FACS analysis of a cell line bearing an internal DsRed2 reporter 
with short telomeres (red outline) or long telomeres (solid blue histogram). The slight 
increase in DsRed2 expression upon overexpression of telomerase was not expected and 
was not observed previously with a luciferase reporter (12). (D) Bright field and 
fluorescent images for the cells analyzed in panel C. 

Figure 3. Spontaneous reversal of silencing in cells bearing a telomeric reporter gene. 
Each row represents a different subclone derived fi-om a single parental clone in which 
the gene for DsRed2 fluorescent protein had been placed next to a newly formed 
telomere. Subclones were initially negative (A-C) or very weak (D) for DsRed2 
expression but by 3 weeks after subcloning most had developed sporadic expression in a 
small fraction of cells, resembling the pattern of expression in the parental cell line. 
Arrows indicate the positions of cells in the original bright field images. Arrowheads 
indicate weakly positive cells in the fluorescent image of subclone D. 

Figure 4. Loss of telomeric silencing in the presence of 5-bromodeoxyuridine (BrdU). 
Cells bearing a telomeric reporter were grown in regular media (control) or media 
supplemented with 50 jXg/mL BrdU for 72 hours before analysis. (A) Expression of 
DsRed2 was dramatically upregulated in the presence of BrdU and toxicity was minimal 
as compared to that observed when the cells were treated with trichostatin A (TSA). As 
with TSA (12), BrdU also affected silencing in low-expressing internal control clones 
(data not shown). (B) Silencing of a luciferase reporter was relieved after BrdU treatment 
in both telomeric and internal clones. Representative data is presented showing that 
expression after treatment is higher and more uniform between clones. Occasional 
resistant clones were noted among the internal controls (middle) and may represent cases 
in which methylation or rearrangement of the gene have occurred. 
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List of Abbreviations 

BrdU - 5-bromodeoxyuridine 

CMV - cytomegalovirus 

DsRed2 - Discosoma sp. red fluorescent protein 

FACS - fluorescence activated cell sorting 

hTERT - human telomerase reverse transcriptase 

hTPE - human telomere position effect 

IRES - internal ribosome entry site 

TPE - telomere position effect 

TSA-trichostatinA 
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Appendix A3. HMEs can be efficiently infected with adenoviral vectors. Human mammary 
epithelial cells were infected at the indicated multiplicity of infection (MOI) and examined by 
fluorescence microscopy after 48 hours. Exposure time is indicated above each image. As 
shown, 30 MOI was sufficient to infect most cells. Although higher MOIs resulted in greater 
GFP expression, they also altered cell morphology and over time killed all (10 000 MOI) or 
some (1000 MOI) of the cells. 
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Appendix A4. Adenoviral hTERT reconstitutes telomerase activity in HMEs. Human mammary 
epithelial cells were infected with a vector containing GFP, a mutant (inactive) form of hTERT, 
or wild type hTERT. Telomerase activity was assessed by telomerase repeat amplification 
protocol (TRAP) assay. The human tumor line HI299 served as a positive control. Uninfected 
(control) HMEs, or those infected with GFP or mutant hTERT showed no telomerase activity 
while hTERT infected cells showed a level of activity comparable to that of H1299. 
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Appendix A5. Human chromosomes arrested in the metaphase stage of mitosis.   Chromosomes 
were visualized using the general DNA stain DAPI (blue) and a fluorescently labeled 
(CCCTAA)3 probe (Cy5, shown in pink), was hybridized to telomeres. Four spots are visible 
because the chromosomes have been replicated but not yet separated into daughter cells. 
Telomere length can be estimated from the fluorescence intensity of each spot using software- 
based quantitation. 
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Appendix A6. The hTERT gene is present in multiple copies after spontaneous immortalization 
of HMEs. A) In situ hybridization for the hTERT gene in the cell line HME50-5, derived from a 
patient with Li-Fraumeni syndrome (LFS). Only one pair of signals is visible, indicating that the 
hTERT gene has not been duplicated in this cell line. B) In situ hybridization for the hTERT 
gene in HME50-5E, a spontaneously immortal clone derived from HME50-5. At least four 
copies of the hTERT gene re present in this clone, indicating that duplication and/or 
rearrangement of the hTERT gene may play an important role in the progression of HMEs from 
a phenotypically normal to an immortal phenotype. 


